Introduction
Prolonged occupational exposure to hand-transmitted vibration, arising from the operation of hand-held power tools, has been associated with the development of handarm vibration syndrome (HAVS) 1, 2) . Some of the countermeasures that reduce the health risk of hand-arm vibration (HAV) include use of low-vibrating power tools, control of vibration exposure time in daily working hours, and use of anti-vibration gloves that can attenuate vibration transmitted from vibrating power tools to workers' hands. Compared to the other two countermeasures of HAV exposure reduction, the use of anti-vibration gloves allows diminished cost required to realize the reduction of tool users' HAV exposure and has a relatively less negative effect on tool users' labor productivity.
A new Japanese industrial standard, JIS T8114 3) , that is identical to the international standard ISO 10819 4) became effective in May 2007 in Japan. Since then, several anti-vibration gloves, developed by Japanese companies to match the new JIS T8114 requirements, have become available in the Japanese market, providing power tool users with increased opportunities to procure and use anti-vibration gloves compatible with the JIS standard.
Instead of anti-vibration gloves, however, cotton work gloves are often used by many hand-held power tool users in real workplaces. In some workplaces, many power tool users wear cotton work gloves as a substitute for antivibration gloves. In other workplaces workers do not know the existence of anti-vibration gloves. The workers who often use cotton work gloves as a substitute for anti-vibration gloves often have no doubt that cotton work gloves attenuate vibration transmitted from power tools to the hand to some extent. Indeed the use of cotton work gloves is effective in protecting the hand surface from some kinds of injury, however there has been no scientific investigation into the vibration-isolating performance of cotton work gloves.
The aims of this study were (1) to measure and evaluate the vibration isolating performance of cotton work gloves commonly used in real workplaces where handheld power tool users often use cotton work gloves as a substitute for anti-vibration gloves; and (2) to compare the performance of vibration attenuation of cotton work gloves with those of anti-vibration gloves, available in the Japanese market, that fulfill the requirements defined by JIS T8114. Two types of cotton work gloves, normal and a rubber-coated at the palm surface, were used in this study. In combination with these cotton work gloves, we prepared four test samples: normal only, rubber-coated only, a normal cotton work glove on another normal one, and a rubber-coated one on a normal one. In addition, four types of anti-vibration gloves, available on the Japanese market, which satisfy the JIS T8114 requirements, were also used to compare their vibration attenuation performances with those of cotton work gloves. Figure 1 shows the schematic signal flow diagram of the single-axis hand-arm vibration test system used in this study. An electro-dynamic shaker (VE-100S; IMV Corporation, Osaka, Japan), which generates vibration in the Z h direction, was set up on a horizontal stage driven by an actuator fixed in the noise insulation box.
Materials and Methods

Experimental apparatus
A sensor-equipped handle prepared for this study was of the same design as the handle established in Dong's laboratory at the US NIOSH 5) . The handle, cylindrical with a diameter of 40 mm and an effective grip length of 100 mm, was connected to the shaker shaft so that the centerline axis of the handle was vertically oriented. The handle consisted of the handle base and measuring cap, between which two piezoelectric single-axis force sensors (9212; Kistler Inc., Winterthur, Switzerland) were sandwiched along the centerline of the handle to measure the force acting between the base and measuring cap. Signals emitted by these two force sensors were passed through a low-pass filter with a cut-off frequency of 5 Hz and were then summed to obtain the total force acting on the measuring cap. Also, an accelerometer (356A12; PCB Piezotronics, Inc., New York, USA) was fixed at the center of the measuring cap to measure the vibratory acceleration of the handle in the Z h direction.
In this study an acceleration value at the handle and another one at the palm adapter were measured to obtain mean transmissibility values based on the new JIS T8114 requirements and linear transmissibility values given as a function of a vibration frequency. 
JIS T8114 test procedures
JIS T8114 defines the test procedures for measuring the vibration attenuation performance of anti-vibration gloves. The requirements also specify subject posture, coupling conditions of push and grip force, vibration spectra to be used, and the method for evaluating the measurements. Figure 2 shows the proper test posture of the subjects. The subjects are required to stand upright in front of the shaker and then set the right hand on the sensor-equipped handle which is connected horizontally to the shaker shaft, with the palm adapter between the handle and hand or inside the glove to be tested. The subject is also advised to maintain 90 ± 10 degrees of elbow angle, with a wrist angle of between 0 and 40 degrees, and the upper arm must not touch the subject's body. In this study the duration of vibration was chosen as 35 s based on the requirements of JIS T8114. During the vibration test, the subjects are required to maintain a grip force of 30 ± 5 N, and a feed force on the handle of 50 ± 8 N.
JIS T8114 requires two input vibration signals to be used, spectra M and H. As shown in Fig. 3 , vibration spectrum M covers a relatively medium frequency range (16-400 Hz) while vibration spectrum H covers a high frequency range (100-1,600 Hz).
As specified in JIS T8114, the vibration transmissibility of the bare hand TR sb is defined as the ratio of the frequency-weighted r.m.s. acceleration magnitude measured at the palm a wsPb to the frequency-weighted r.m.s. acceleration magnitude measured at the handle a wsRb .
This frequency-weighing technique is specified in the international standard ISO5349-1 6) . The vibration transmissibility of the hand with glove TR sg is defined as the ratio of the frequency-weighted r.m.s. acceleration magnitude, measured with the accelerometer sandwiched between the glove and the palm, a wsPg , to that measured at the handle, a wsRg .
Thus, the corrected vibration transmissibility of antivibration gloves TR s is calculated as follows:
TR s values measured two times for each subject were arithmetically averaged to obtain the mean vibration transmissibility value TR, which was used to judge whether a certain anti-vibration glove satisfied the requirements specified in JIS T8114. The TR values for anti-vibration gloves required by JIS T8114 are less than 1.0 for spectrum M and less than 0.6 for spectrum H.
Calculation of linear transmissibility
Linear transmissibility values of gloves, given as a function of vibration frequencies, are calculated as follows: (4) where A(f i ) adapter and A(f i ) handle are r.m.s. acceleration at the adapter and the handle at frequency f i , respectively. The frequency, f i , is the i th one-third octave band center frequency. The mean vibration transmissibility value explained in the previous section is related to these r.m.s. acceleration values by the following equation:
where w(f i ) is a frequency-weighing factor at the i th onethird octave band center frequency specified in ISO5349-1 6) .
Subjects
Mean transmissibility value measurements based on JIS T8114 require three test subjects. The size of the subjects' hands is stipulated as between sizes 7 to 9 as specified in the European standard EN420 that regulates the general requirements of protective gloves 7) . In this study we enlisted three healthy adult male subjects in their twenties. Table 1 summarizes the anthropometric data of the test subjects, and the fundamental dimensions of the subjects' right hands. None of the subjects had been exposed to high levels or long periods of hand-arm vibration occupationally or in their leisure time activities. All the subjects underwent an explanation of the test procedure and gave their written informed consent to participate in the study. The experiment was approved by the Research Ethics Committee of the Japan National Institute of Occupational Health and Safety. Table 2 summarizes the glove samples used in this study. We used two types of cotton work gloves: a normal cotton work glove for general use and a rubber-coated one (Fig. 4) . Rubber coating at the palm surface of the glove was not intended to attenuate vibration transmitted to the hand but to prevent the hand from slipping. Glove sample C3 was a combination of a normal cotton work glove with another, and glove sample C4 was a combination of a normal cotton glove with a rubber-coated one.
Glove samples
We also measured for comparison four different types of anti-vibration gloves complying with JIS T8114 which are available on the Japanese market. These four types of glove could be classified into two categories based on the vibration-isolating materials used: category A for gloves with a soft polymer material as a vibration-isolating material secured on the entire palm surface of the glove; and category B for gloves with a hard polymer material, such as rubber, as a vibration-isolating material, with many tablets of the material secured on the entire palm surface of the glove.
Results
The mean vibration transmissibility values measured for the four cotton work glove samples are shown in Table 3 . All the test samples showed mean vibration transmissibility values more than 1.0 for spectra M and H. Accordingly, these cotton work glove samples did not satisfy the requirements specified in JIS T8114. Also, regardless of the use of a rubber-coated cotton work glove, the use of a cotton work glove in combination with another one did not reduce the mean average transmissibility values compared to that for a single cotton work glove 8) .
The mean vibration transmissibility values measured for the four types of anti-vibration gloves available on the Japanese market are shown in Table 4 . The anti-vibration gloves classified as category A satisfied the JIS T8114 requirements. In sample G2, the second result obtained for subject 1 showed a mean average transmissibility value of 1.02 for spectrum M. The anti-vibration gloves classified as category B (G3 and G4) showed mean vibration transmissibility values of 1.0 for subject 1 for spectrum M. Sample G4 showed a mean vibration transmissibility of 0.43 for spectrum H, therefore it had extremely excellent vibration attenuation performance in high frequency ranges 8) .
Figures 5 and 6 show linear vibration transmissibility curves for cotton work glove samples and for anti-vibration glove samples, which were derived as a function of vibration frequency for spectrum M. The linear transmissibility values of cotton work gloves were steady up to 200 Hz at about 0.9, then rose to about 1.0 at 400 Hz. In contrast, the linear transmissibility values of anti-vibration gloves gently increased with frequency to about 1.0 at 30 Hz, then decreased with small peaks at 100 Hz and 300 Hz. The linear transmissibility values of anti-vibration gloves were higher than those of cotton work gloves in the frequency range of 10-30 Hz. In contrast the linear transmissibility values of the anti-vibration gloves were lower than those of the cotton work gloves at frequencies more than 30 Hz. of G2 decreasing from 100 to 200 Hz) and then gradually increased up to about 0.4 to 0.5 at 315 Hz (except for that of G3 which increased to 0.73 at 400 Hz). At frequencies more than 400 Hz, the linear transmissibility values of the anti-vibration gloves decreased with increasing vibration frequency, and ranged from 0.083 to 0.13 at 1,000 Hz. The linear transmissibility values of the cotton work gloves were consistently higher than those of anti-vibration gloves for spectrum H.
Discussion
Our results based on the vibration transmissibility measurement of JIS T8114 suggest that cotton work gloves do not have enough vibration attenuation performance for vibration transmitted to the hand. The mean vibration transmissibility values of more than 1.0 of the cotton work gloves means that the cotton work gloves amplify the vibration transmitted to the hand compared to simple grasping of the vibrating handle with the bare hand. Generally, cotton work gloves are popularly used in workplaces where hand-held power tools are used. This is because cotton work gloves are not so expensive as antivibration gloves and are generally effective in preventing workers' hands from injury. The latter reason can also lead power tool users to misunderstand the vibration attenuation performance of cotton work gloves. According to the results obtained in this study, the linear transmissibility values of cotton work gloves were consistently higher at all frequencies than those of the anti-vibration gloves. Thus, the use of cotton work gloves as a substitute for anti-vibration gloves makes no sense from the viewpoint of isolation of vibration transmitted to the hand.
The difference between the mean transmissibility values of work cotton gloves and those of the anti-vibration gloves for spectrum M were relatively small compared to the difference between them for spectrum H. However, the linear transmissibility values of the cotton work gloves were higher than those of the anti-vibration gloves at frequencies between 50 and 400 Hz in spectrum M. This is because the ISO frequency-weighting factors steeply decrease as vibration frequency increases. The ISO frequency-weighting factors defined in ISO5349-1 are 0.951, 0.519, and 0.0398 at 10, 31.5, and 400 Hz, respectively. Thus, the excellent linear vibration transmissibility values observed for anti-vibration gloves at frequencies above 50 Hz are not described in the mean transmissibility values obtained by measurement based on the new JIS standard, which highlights one of the drawbacks of the current evaluation method specified by JIS T8114.
The mean transmissibility values of the anti-vibration gloves were a little bit higher than those of the cotton work gloves at frequencies below 31.5 Hz. Several researchers have previously reported the same tendency 9, 10) . This is mainly because isolation of vibration at low frequencies is difficult to achieve. Whatever vibration isolating materials are used for anti-vibration gloves, vibration isolation in this frequency range is exceedingly difficult to achieve.
The use of the anti-vibration gloves assessed in this study, in work with exposures to hand-arm vibration with high frequency ranges, as in spectrum H, generated by hand-held power tools, would reduce the vibration dose during the work to half of that if cotton work gloves were worn for the same work. The mean vibration transmissibility values measured for the four types of anti-vibration gloves ranged from 0.43 to 0.56, which corresponded to about half of the mean vibration transmissibility values measured for the cotton work gloves. These results suggest that power tool users could engage in certain vibration-generating work about twice as long if they wore anti-vibration gloves rather than cotton work gloves (of course within the limitation of allowable daily exposure time calculated from A(8) described in the international standard ISO 5349-1). Thus, the appropriate use of anti-vibration gloves for vibration-generating works could contribute to the improvement of labor productivity as well as the reduction of vibration exposure to the hand.
Before May 2007, when newly issued JIS T8114 became effective, only a few types of anti-vibration gloves that fulfilled the ISO10819 requirements were available on the Japanese market, and they were extremely expensive because of the incorporation of special vibration isolating materials such as polymer gels. This is one reason why these anti-vibration gloves were not popularly used in workplaces. However, the anti-vibration gloves evaluated in this study use vibration-isolating materials developed by domestic glove manufactures which are not as expensive as polymer gels, and these anti-vibration gloves have excellent cost performance compared with gel-based anti-vibration gloves. In the near future it is hoped that these anti-vibration gloves will replace cotton work gloves in workplaces where hand-held power tools are used.
Conclusion
In this study cotton work gloves, often used by handheld power tool users as a substitute for anti-vibration gloves in vibration-generating workplaces, were tested based on the test protocol specified in the recently issued JIS T8114 to measure their vibration attenuation performance. Also, four types of anti-vibration gloves, available on the Japanese market, which satisfy the JIS T8114 requirements, were tested in the same way to compare their vibration attenuation performance with those of the cotton work gloves. The conclusions drawn from our results are as follows: 1. According to the measurement results based on JIS T8114, cotton work gloves do not show enough vibration attenuation performance. 2. The use of a cotton work glove in combination with another does not attenuate vibration transmitted to the hand. 3. The use of anti-vibration gloves that fulfill the JIS T8114 requirements attenuates about 50% of vibration transmitted to the hand as compared to when cotton work gloves are used. 4. The linear transmissibility values of anti-vibration gloves are higher than those of cotton work gloves at frequencies below 30 Hz.
